Loss-of-function melanocortin 1 receptor (MC1R) polymorphisms are common in UVsensitive fair-skinned individuals and are associated with blunted cAMP second messenger signalling and higher lifetime risk of melanoma because of diminished ability of melanocytes to cope with UV damage. cAMP signalling positions melanocytes to resist UV injury by upregulating synthesis of UV-blocking eumelanin pigment and by enhancing the repair of UV-induced DNA damage. cAMP enhances melanocyte nucleotide excision repair (NER), the genome maintenance pathway responsible for the removal of mutagenic UV photolesions, through cAMP-activated protein kinase (protein kinase A)-mediated phosphorylation of the ataxia telangiectasia-mutated and Rad3-related (ATR) protein on the S435 residue. We investigated the interdependence of cAMP-mediated melanin upregulation and cAMP-enhanced DNA repair in primary human melanocytes and a melanoma cell line. We observed that the ATRdependent molecular pathway linking cAMP signalling to the NER pathway is independent of MITF activation. Similarly, cAMP-mediated upregulation of pigment synthesis is independent of ATR, suggesting that the key molecular events driving MC1R-mediated enhancement of genome maintenance (eg PKA-mediated phosphorylation of ATR) and MC1R-induced pigment induction (eg MITF activation) are distinct.
| INTRODUCTION
Loss-of-function polymorphisms in the melanocortin 1 receptor (MC1R) signalling axis represent a major inherited risk factor for melanoma, [1] [2] [3] a disease which currently affects nearly 1 in 50 people in the United States and accounts for more than 80% of skin cancer deaths. [4] Ultraviolet radiation (UV) is a major environmental driver of melanoma, as evidenced by the abundance of "UV-signature" pyrimidine transitional mutations in many melanomas. [5, 6] UV-signature mutations result from the formation of UV photoproducts including cyclobutane pyrimidine dimers (CPDs), which if not repaired in a timely manner, can result in mutations and promote carcinogenesis and tumor progression. [7] MC1R, a G s protein-coupled receptor located on the melanocyte cell membrane, is integral to physiologic melanocytic UV responses. MC1R
signalling results in the accumulation of cAMP and activation of cAMPdependent protein kinase (protein kinase A; PKA). [8] [9] [10] [11] cAMP stimulation increases synthesis of the brown/black UV-blocking pigment eumelanin [12, 13] which accumulates in the epidermis to protect the skin against UV injury. [14, 15] Induction of eumelanin synthesis is largely dependent upon PKA-mediated phosphorylation of the cAMP responsive binding element (CREB) transcription factor at Ser133 and subsequent induction of the microphthalmia-associated transcription factor (MITF)
protein. [16, 17] In turn, MITF promotes the transcription of melanogenic enzymes including tyrosinase and dopachrome tautomerase. [18, 19] In addition to regulating melanin production, we and others have documented that MC1R signalling protects melanocytes from UV damage by pigment-independent pathways, specifically by protecting the cell against UV mutagenesis and enhancing genomic stability. [11, [20] [21] [22] [23] [24] MC1R signalling enhances nucleotide excision repair (NER), the genome maintenance pathway responsible for identifying and repairing UV-induced DNA photolesions. Recently, we reported that the critical molecular event linking MC1R signalling to NER is a PKA-mediated post-translational modification of the ataxia telangiectasia-mutated and by accelerating association of the rate-limiting NER factor xeroderma pigmentosum complementation group A protein (XPA) with nuclear UV photolesions. [11] Thus, in melanocytes, PKA-mediated phosphorylation of ATR on the S435 residue changes ATR function away from checkpoint signalling to a more DNA repair-specific physiology.
MC1R signalling positions melanocytes to better cope with UV injury by increasing eumelanin production and by enhancing genomic stability; however, it is unclear whether there may be crosstalk between these cAMP-dependent downstream events. MITF is a cAMPinduced transcription that is critical to melanin induction [18, 19] and increases expression of genes associated with NER including RPA2
and POLE2 among others. [27] More recently, MITF was reported to promote Wnt signalling in melanocytes, [28] raising the possibility that MITF may influence signalling events. We therefore sought to determine whether MITF is required for MC1R enhancement of NER via PKA-mediated generation of ATR-p435S. Similarly, as ATR is a Ser/Thr kinase with a host of potential targets, [29] we explored whether ATR kinase function may impact MC1R-induced pigment enzyme induction and eumelanin synthesis. We found that basal and cAMP-accelerated NER kinetics are MITF-independent and that MC1R-mediated upregulation of tyrosinase and melanin synthesis is independent of ATR kinase function. Our findings suggest that cAMPmediated induction of eumelanin synthesis and acceleration of NER diverge downstream of MC1R signalling and offer the opportunity of exploiting DNA repair benefit for increasing resistance of melanocytes to carcinogenic degeneration independent of melanin induction. 
| METHODS

| Cell lines and pharmacologic drugs
| Antibodies
Antibodies directed against pSer435-ATR were generated against the peptide CPKRRR(pS)SSLNPS (Amsbio, Cambridge, MA) as previously reported. [11] Commercially available antibodies included anti-CPD 
| pSer435-ATR detection
pSer435-ATR kinase assays were performed as described [24] using the 
| L-DOPA staining and pigment quantification
Cells were plated at a density of 3×10 5 per well in a 6-well plate, treated with vehicle or forskolin (as described elsewhere), washed in PBS and then fixed in 4% paraformaldehyde for 10 minutes.
After three washes in PBS, L-DOPA (10 mmol/L) was added to the cells for 2 hour at 37°C, followed by a final fixation step in 4% paraformaldehyde for 10 minutes. Photographs were then taken of cell pellets before cells were dissolved in Soluene-350 (Perkin Elmer):
water (9:1;v/v) for 10 minutes and heated at 95°C for 30 minutes.
Soluene-350 supernatants were analysed at 492 nm on a Multiskan MCC/340 (Thermo Labsystems, Philadelphia, PA) plate reader. 
| SiRNA
| Nucleotide excision repair kinetics
Immuno slot blots were performed on whole cell lysates with 6,4
and CPD antibodies via standard methods. 
| Immunoblotting
Immunoblots were performed on whole cell lysates in radioimmu- 
| Statistics and data analysis
One-way ANOVA with Tukey post hoc test and two-way paired ANOVA analysis were performed using GRAPHPAD PRISM 5.0 (GraphPad Software, San Diego, CA, USA). Data were considered statistically significant if P values were less than 0.05 from multiple independent experiments.
| RESULTS
| MITF depletion does not affect NER kinetics
SK-MEL-2 melanoma cells or primary human melanocytes (PHMs)
were pretreated with either scrambled or siRNA directed to MITF prior to incubation with forskolin, an activator of adenylyl cyclase.
Accumulation of pSer435-ATR was measured by kinase assay as previously described. [11] Forskolin promoted 6.0-fold and 4.0-fold inductions of ATR phosphorylation of Ser435 in SK-MEL-2 or PHMs, respectively, and levels of pSer435-ATR were not influenced by siRNA-mediated MITF depletion in either cell type ( Figure 1A, B) .
Therefore, we conclude that PKA-mediated generation of ATR-pS435
is MITF-independent. To directly determine whether MITF is required for MC1R-enhanced NER, we measured the effect of MITF depletion on basal and cAMP-enhanced repair of UV-induced photolesions. 
SK-MEL-2 cells or
| ATR is not required for PKA phosphorylation of CREB
While our results suggested to us that MC1R-enhanced NER is independent of MITF, they do not exclude the possibility of signalling pathway crosstalk in which ATR influences cAMP-directed melanocyte responses. An early molecular event following cAMP stimulation is PKA-mediated phosphorylation of the CREB transcription factor, induction of MITF and a variety of downstream pro-differentiation events that follow. [16, 17] To understand whether ATR kinase function is required for cAMP-mediated phosphorylation of CREB, we quanti- 
| ATR does not impact cAMP-induced MITF activation
To determine whether cAMP-induced MITF activation requires ATR,
SK-MEL-2 cells or PHMs were incubated with forskolin and MITF lev-
els were quantified through 6 hour in the presence or absence of the ATR kinase inhibitor VE-821. We noted increased MITF expression by forskolin was not impacted by the ATR kinase inhibitor VE-821
( Figure 3A-D) . These findings suggest that ATR is dispensable for cAMP-mediated MITF induction.
| ATR inhibition does not interfere with cAMPmediated pigment induction
To directly determine whether ATR was required for MC1R dependent pigmentation, we measured the effect of ATR inhibition on cAMP-enhanced pigmentation. 
| DISCUSSION
Inherited loss-of-function MC1R polymorphisms affect millions of individuals and place them at greater risk of melanoma. [1, 3] Indeed, the loss of even one functional copy of the MC1R gene results in an accumulation of UV mutations in melanoma equivalent to expected extra UV exposure of more than two decades of life, [32] supporting a link between MC1R signalling and melanocyte genomic stability. Defective pigmentary responses caused by MC1R loss yield a fair-skinned and sun-sensitive phenotype 12 that facilitates UV penetration into the skin and a tendency for episodic UV-induced inflammatory episodes (sunburns), [14] both of which favour melanoma development. [33] [34] [35] We and others have documented that MC1R loss also results in defects in the ability of melanocytes to repair UV photodamage in nuclear DNA. [21, 22, 24, 36, 37] This damage, if left unrepaired, causes transitional pyrimidine "UV-signature" mutations known to cause and promote melanoma development. [5] [6] [7] Thus, MC1R signalling, mediated by generation of the second messenger cAMP, [38] is a global regulator of melanocyte UV physiology and UV resistance.
Herein, we report that MITF does not appear to be required for cAMP-enhanced NER. Although MITF functions as a transcription factor inducing specific genes involved in NER, [27] it has also been reported to regulate cell signalling pathways such as Wnt signalling in a positive feedback-mediated manner and Wnt-mediated increases in vesicular structures and endosomal proteins. [28] Our data suggest that MITF is not necessary for PKA phosphorylation of ATR at Ser435, which occurs and exerts its effects within minutes following stimulation of melanocytes by cAMP induction. [11] Furthermore, MITF loss has little impact on basal NER kinetics or cAMP-enhanced repair. While Strub and co-workers reported that MITF induces expression of RPA, XRCC3 and POLE, [27] XPA, which is considered to be the rate-limiting factor in NER 39, 40 and the key mediator of MC1R-enhanced NER, [11] was not induced by MITF. [27] Our data, however, do not exclude the possibility that MITF influences melanocyte genomic stability in other ways beside the cAMP-ATR-XPA repair axis. Indeed, one possibility is cAMP protective effects on cellular antioxidant levels [10, 41] as lower amounts of UV-induced free radicals and oxidative species would be expected to preserve repair enzyme function by preventing their inactivation. Lastly, Mitf levels were documented at the end of the experimental time frame; although unlikely, it may be possible that Mitf expression was less inhibited at earlier time points.
Data presented here also suggest that non-DNA repair physiologic pigment in culture either basally or within the time course of our experiments. However, it is possible that low levels of melanin could have contributed to the formation of "dark photoproducts" through oxidative induction of melanin triplet energy state with subsequent formation of CPDs as recently described. [42] Our data did not directly address this as a possibility.
In summary, we have determined that cAMP-mediated augmentation of the melanocyte adaptive pigmentation pathway and acceleration of NER appear to diverge at the level of PKA as would lie downstream of the melanocortin signalling cascade in melanocytes.
There is much interest in developing UV-protective and melanomapreventive strategies based on pharmacologic induction of melanocortin/cAMP signalling in the skin [43] [44] [45] ; however, to date, there is no way to uncouple the benefits of enhanced DNA repair and genomic stability with pigment enhancement, or possibly other cAMP-directed responses such as melanocyte proliferation. Our findings offer the possibility of developing approaches to enhance melanocyte genomic stability independent of melanin induction.
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